Tetracycline-regulated expression of the empty vector control had no effect on cell proliferation. These experiments strongly suggest that AS3 is a mediator of the androgen-induced proliferative shutoff.
A ndrogens regulate cell number in the prostate gland. They are involved in the control of three processes, namely inhibition of apoptosis, induction of cell proliferation, and inhibition of cell proliferation (proliferative shutoff) (1, 2) . Androgen control of apoptosis and induction of cell proliferation have been studied extensively. In contrast, research on the androgen-induced shutoff has been hindered by the difficulty in isolating this effect from the other two when using animal models. Thus, research on proliferative shutoff has been performed mainly by using the human prostate cell line LNCaP-FGC and variants derived from it (1, 3) . LNCaP-FGC cells are inhibited from proliferating in medium supplemented with charcoal dextran-stripped serum (1) . The addition of androgens to this medium results in a biphasic proliferative response. At low physiological androgen doses, proliferation rates are significantly increased, while at high physiological doses a transient proliferative response is followed by a proliferative shutoff (1, 4) . The LNCaP-TAC variant proliferates maximally in medium supplemented with androgens and lacks a shutoff response. The LNCaP-LNO variant instead responds only to androgens by expressing proliferative shutoff. Thus, the proliferative and inhibitory effects of androgens have become unambiguously separated in these variants (4, 5) .
Two new LNCaP variants with a phenotype similar to that of LNCaP-LNO were recently reported (6) . Like the LNCaP-LNO variant, one of these cell lines (LNCaP 104-S) grows in castrated athymic mice while tumor growth is repressed by androgens (7).
These results suggest that this inhibitory mechanism may be present in prostate cancer, and hence it is a potential target for intervention in the management of this disease.
LNCaP variants provided the means to produce subtracted libraries to search for mRNAs that are expressed during proliferative shutoff and allowed the screening of the candidate cDNA sequences responsible for this effect (8, 9) . The following criteria were used to identify putative shutoff mediators: (i) their expression was induced exclusively at the androgen concentrations that triggered proliferative shutoff; (ii) they were not induced by androgens in variants that do not express proliferative shutoff; (iii) the time course of induction preceded the expression of cell cycle arrest; (iv) they were not expressed in the rat prostate after castration and during androgen-mediated regeneration; and (v) they were expressed when the prostate ceased to proliferate (like in normal adult animals and after androgeninduced complete regeneration in castrated animals). Among the candidates isolated from the subtracted libraries, we found that the mRNA of the sequence identified as AS3 (Androgen Shutoff 3) (GenBank accession no. U95825) meets the above criteria (9) .
LNCaP cells have a point mutation in the androgen receptor (AR) steroid-binding domain, which increases the binding affinity to progesterone and estradiol (10, 11) . A stable wild-type AR transfectant, MCF7-AR1, was used to overcome concerns that results obtained with LNCaP cells may be the result of such mutation. MCF7-AR1 cells express androgen-induced proliferative shutoff (12) , indicating that proliferative shutoff is not an effect caused by a mutated AR. A retrovirus-transduced tetracycline (tet)-regulated system was developed from MCF7-AR1 cells. Here we report the biological effects of the expression of tet-regulated sense and antisense AS3 constructs.
Materials and Methods
Cell Lines and Culture Conditions. The LNCaP-FGC cell line was a generous gift from J. Horoszewicz (3) . The MCF7-AR1 cell line, an AR-transfected MCF7 line, was established in this laboratory (12) . Both cell lines express the androgen-induced proliferative shutoff (1, 4, 12) . All cell lines used for these experiments were routinely maintained in 5% FBS in DMEM.
keyhole limpet hemocyanin, and injected into rabbits. The affinity-purified antibody (HiTrap NHS-activated column, Pharmacia) was used for immunoblot detection of the AS3 polypeptide. Briefly, LNCaP-FGC cells were kept in charcoal-dextran (CD) stripped FBS medium for 24 h to bring them to quiescence; then, the synthetic androgen R1881 was added at a concentration of 1 nM to induce proliferative shutoff (1) . Control cells were treated with vehicle (0.01% ethanol in DMEM). Cells were harvested 48 h later. MCF7-AR1 cells were placed in 5% CD͞FBS medium. Twenty-four hours later, they were treated with 100 pM of estradiol (control) or 100 pM of estradiol and 1 nM R1881 (shutoff). Cells were harvested 48 h later. The cells were then lysed by using RIPA (0.15 M NaCl͞1% NP40͞1% sodium deoxycholate͞0.1% SDS͞10 mM sodium phosphate, pH 7.2͞2 mM EDTA) lysis buffer containing 0.2 mM sodium vanadate, 50 mM sodium fluoride, and protease inhibitors, following standard procedures (13) . Proteins were separated on 4-20% polyacrylamide͞SDS gradient gels (Ready Gel, BioRad) and transferred to nitrocellulose membranes (Protoblot, Schleicher & Schuell) overnight. The membranes were blocked in 10% milk solution in PBS for 5 h at room temperature and washed 5 times over 30 min in Tris-buffered saline (TBS) containing 0.5 M NaCl. Then the membranes were incubated overnight at 4°C in anti-AS3 antibody diluted 1:800 in 2% milk solution in PBS. The membranes were washed in TBS containing 0.5 M NaCl and 0.05% Tween 20 (TBS-T) for 30 min at room temperature and incubated in peroxidase-conjugated goat-antirabbit antibody diluted 1:10,000 in 2% milk solution in PBS for 1 h at room temperature. The membranes were washed in TBS-T for 30 min before chemiluminescent reaction was performed with the Renaissance Chemiluminescence kit (NEN). Antibody specificity was assessed by competition with 50-fold molar excess of either the specific C terminus antigen or the unrelated N terminus oligopeptide with preincubation for 2 h at 4°C. The optical densities of the visualized bands were determined by using the Eagle Eye scanner (Stratagene).
Establishment of the Tet-Regulated Host Cell Line. To create a model for the stable expression of the tet transactivator (tTA), the tTA construct (pTet-tTAk, Life Technologies, Gaithersburg, MD) was cotransfected into MCF7-AR1 cells with a puromycinresistance gene (pPUR, CLONTECH) by using Lipofectamine (Life Technologies). After selection with 5 g͞ml puromycin, the clones were screened for tTA expression by reverse transcription-PCR (RT-PCR). Characterization by using transient expression of luciferase identified a clone, STFX1, with low baseline expression at 1 g͞ml tet and high-level induction by tet withdrawal. Stable transfection of this cell line with the green fluorescent protein (GFP) by using the pBI-EGFP plasmid (CLONTECH) also confirmed tet-inducible expression. The cells were grown on coverslips, fixed by using 2% paraformaldehyde in PBS, and visualized with an Axioscope fluorescence microscope (Zeiss). These cells were used for the expression of tet-regulated constructs delivered as retroviral particles.
Retroviral Cloning and Expression. The MMTV promoter in the retrovirus vector (pRevTRE, CLONTECH) drives the hygromycin-resistance gene, and the tet-sensitive promoter regulates genes in the multiple cloning site. The AS3 cDNA was amplified by using terminal primers with restriction enzyme sites to clone in sense (HpaI and ClaI) and antisense (BamHI and HindIII) orientations into the pRevTRE vector. The constructs were confirmed by sequencing and then transfected into the packaging cell line PT67 (CLONTECH). Hygromycin-resistant clones (100 g͞ml) were tested for viral transcript expression. The virions in the supernatants were used to infect the STFX1 cell line with the empty vector control, the sense AS3, and the antisense AS3 constructs by using Polybrene (Sigma) (10 g͞ml) following the manufacturer's instructions. The STFX1-derived clones were selected by hygromycin and were tested for tet induction and analyzed by RT-PCR. Three clones were chosen: RT5, which contains the empty vector, A4, which expresses the antisense AS3, and S9, which expresses the sense AS3.
Analysis of the Antisense AS3 Effect on Proliferative Shutoff. A4 (antisense) and RT5 (vector control) cells were seeded into six-well plates; each well contained two coverslips and 1 g͞ml of tet in 1.5 ml of DMEM with 5% FBS. Once the cells were attached, the medium was changed to 5% CD͞FBS with 100 pM estradiol to maintain maximal cell proliferation rates, while the further addition of 1 g͞ml tet was administered to suppress gene expression. Tet was withdrawn for 36 h before androgen treatment in the antisense induction experiments. Each experimental condition was assayed in duplicate wells.
To assess the effect of antisense AS3 on the expression of the androgen-induced proliferative shutoff, the following conditions were used: (i) proliferation control (no R1881 added, tet added), (ii) androgen-induced shutoff (R1881 added, tet added), (iii) antisense induction (no R1881 added, tet withdrawn), and (iv) androgen-induced shutoff with antisense induction (R1881 added, tet withdrawn).
Thirty-six hours later, 10 M BrdUrd was added for 6 h. Cells were fixed with 50% methanol͞50% acetone. BrdUrd incorporation was detected by immunocytochemistry by using the 5-bromo-2Ј-deoxyuridine Labeling and Detection Kit (Boehringer-Mannheim Roche); cell nuclei were counterstained with Hoechst 33258. Images were captured with a SPOT RT color digital camera (Diagnostic Instruments, Sterling Heights, MI) attached to an Axioscope fluorescence microscope. The cells attached to the wells were used to assess the expression of the vector, the antisense AS3 transcript, and the endogenous AS3 mRNA by RT-PCR.
Analysis of the Sense AS3 Effect on Proliferation. The S9 cultures were kept in CD͞FBS medium (with tet) for 3 days to bring them to quiescence. The cultures undergoing AS3 induction by means of tet withdrawal were washed twice with PBS, placed in tet-free medium for 6 h, and then the induction was carried out for an additional period of 36 h. The control cultures were exposed to tet for the same period. Proliferation was induced with 100 pM estradiol, and the cells were kept for 52 h under the following conditions: (i) maximal proliferation control (tet added), (ii) androgen-induced shutoff (R1881 added, tet added), (iii) AS3 induction from the tet-regulated construct (no R1881 added, tet withdrawn), and (iv) androgen-induced shutoff together with AS3 induction from the tet-regulated construct (R1881 added, tet withdrawn). After incubation, the cells were treated with 10 g͞ml BrdUrd for 1 h. Immunocytochemistry and analysis were performed as described for testing antisense AS3. The cells attached to the wells were used to assess the expression of the retroviral tet-induced AS3 transcript by RT-PCR. For immunoblot analysis of AS3 protein induction, the cells were treated with the same combination of hormones and tet, following the above protocol, and then harvested for protein extraction as described above.
Expression Analysis by RT-PCR. RT-PCR reactions were done by using oligo(dT) primed cDNA from total RNA (Qiagen, Chatsworth, CA) harvested after 36 h of induction (tet withdrawn) or suppression (tet added) of the AS3 transcript. PCR amplifications were performed with the Platinum Supermix PCR reagent (Life Technologies). For detection of the control vector transcript, a tet-promoter specific primer (5Ј-GTTTTGACCTC-CATAGAAGACAC) and a 3ЈLTR-specific primer (5Ј-GATCTGAACTTCTCTATTCTCAG) were used. For the detection of antisense expression, an AS3 gene specific primer (5Ј-TAAGGTTCTGTATAGCTGGGTG) and the 3ЈLTR primer were used. For retroviral sense transcript detection, the same AS3 specific primer and the tet-promoter primer were used. For detection of the endogenous AS3 transcript, a 3Ј untranslated area was amplified between positions 3969-4392. This area is not present in the retroviral antisense transcript (upstream primer: 5Ј-CCAAAAGAAGAGCCAACAAT; downstream primer: 5Ј-GTTCATCGCCGTTCCCTTTTAG).
Data Analysis. Quantitative image analysis was performed by using the OPTIMAS software, Ver. 6.5 (Media Cybernetics, Silver Spring, MD). Cell colonies were mapped and counted in each coverslip. Fifty percent of the colonies in each coverslip were analyzed. Each colony contained between 50 and 200 cells. Data were expressed as the percent of BrdUrd-labeled cells in each colony relative to cells stained with Hoechst 33258. Data were analyzed by ANOVA and Sheffe's post hoc test. Data that did not satisfy the assumptions of an ANOVA were analyzed by the nonparametric Mann-Whitney test (14) .
Results
Expression of the AS3 Polypeptide Is Up-Regulated in the AndrogenInduced Proliferative Shutoff. The molecular mass of AS3 was calculated from its amino acid sequence (159 kDa). The affinitypurified polyclonal antibody raised against the AS3 oligopeptide detected a single band in immunoblot analysis of protein extracts. The band detected by the anti-AS3 antibody from androgen-treated and vehicle-treated LNCaP-FGC cells is in the range of 165-170 kDa (Fig. 1A) . Competition with 50-fold molar excess of the specific oligopeptide antigen (C terminus) resulted in the total disappearance of the AS3 band (Fig. 1B) . Competition with an unrelated oligopeptide (N terminus) had no effect on the binding of the antibody (Fig. 1C) . The AS3 protein is approximately 5-fold up-regulated in the androgen-induced proliferative arrest in the LNCaP-FGC cell line. STFX1, the Host Cell Line for Tet-Regulated Gene Expression. Cotransfection of MCF7-AR1 cells with the tet-transactivator plasmid (pTet-tTak) and the gene for puromycin-resistance (pPUR) resulted in the establishment of a cell line, STFX1, with a stable integration of the tTA transactivator. tTA expression was confirmed by RT-PCR (not shown). The stable expression of a tet-regulated GFP construct (pBI-EGFP) showed that tTA expression is functional. GFP expression was suppressed to a minimal baseline on exposure to 1 g͞ml tet ( Fig. 2A) , while tet withdrawal induced high-level expression (Fig. 2B) . Quantitative analysis of the transient expression of a tet-regulated luciferase construct showed induction across three orders of magnitude (data not shown).
STFX1-Derived Cell Lines with Tet-Regulated Sense and Antisense AS3
Expression. Screening by genomic PCR identified clones with integrated retroviral constructs (Fig. 3A) . RT-PCR transcription analyses were performed on total RNA from tet-suppressed cells and from tet-withdrawn cells after 36 h of induction. Tet withdrawal resulted in induction of the vector control in RT5 cells (Fig. 3B) , the antisense AS3 in A4 cells (Fig. 3C) , and the sense AS3 in S9 cells (Fig. 4A) . Antisense expression reduced the levels of the androgen-induced endogenous AS3 mRNA by 9-fold (Fig. 4B) . Immunoblot analysis of AS3 protein expression in the host MCF7-AR1 cell line detected a 165-kDa band, which was up-regulated approximately 5-fold in androgen-induced proliferative arrest (Fig. 5A) . Tet withdrawal induced the expression of the retroviral AS3 polypeptide approximately 4-fold in the sense-AS3-transfected S9 cell line (Fig. 5B) . In androgenarrested cells a 2-fold increase was detected on tet withdrawal, in addition to the AS3 androgen-induced control (Fig. 5C ). These data confirm that in the selected clones, sense and antisense AS3 transcripts are functional, and their expression is under tet regulation.
Antisense AS3 Expression Inhibits Androgen-Induced Proliferative
Shutoff. Expression of the empty vector did not affect RT5 cell proliferation in any of the conditions tested (Table 1 ). A4 cells proliferated maximally in the presence of tet (Table 1 and Fig.  6A ). Administration of R1881 resulted in a significant (P Ͻ 0.001) decrease of A4 cells in the S phase when the antisense AS3 expression was repressed by tet (Table 1 and Fig. 6B ). Cell proliferation was not affected when the antisense AS3 was expressed in the absence of androgen (Table 1 and Fig. 6C ). R1881 no longer induced proliferative shutoff when the antisense AS3 was expressed in the absence of tet (Table 1 and Fig.  6D ). Blocking the androgen-induced shutoff by antisense AS3 expression strongly suggests that AS3 mediates the androgeninduced proliferative shutoff.
The Tet-Off-Regulated AS3 Expression Induces Proliferative Shutoff in S9 Cells. S9 cells showed maximal cell proliferation in the presence of tet, a condition in which AS3 was not expressed (Table 2 and Fig. 7A ). Addition of R1881 treatment induced proliferative shutoff (Table 2 and Fig. 7B ). Tet withdrawal induced the retroviral AS3 mRNA and protein in S9 cells and induced a significant (P Ͻ 0.0005) decrease of the number of cells that incorporated BrdUrd (Table 2 and Fig. 7C ). There were no statistically significant differences among the cells expressing a proliferative shutoff induced by R1881 (Table 2 and Fig. 7B ), tet withdrawal (Table 2 and Fig. 7C ), or both (Table 2 and Fig. 7D ). These findings strongly suggest that AS3 mediates proliferative shutoff.
Discussion
In the adult prostate, most epithelial cells are cell-cycle arrested when plasma androgen levels are high. Castration induces cell death, and androgen treatment results in increased cell proliferation until the adult cell number is restored. At this point, no further proliferation occurs even if androgen treatment continues (2) .
There is evidence that the shutoff mechanism remains unaltered in certain prostate cancers. Prostate carcinomas usually respond to androgen withdrawal. However, later on, they relapse. It is assumed that because they no longer respond to androgen ablation, they have become ''autonomous.'' The presence of the proliferative shutoff effect in some established prostate carcinoma cell lines argues against this notion (3). If this phenotype is present, treatment with antiandrogens or 5␣-reductase inhibitors may result in the unintended proliferation of cells that otherwise would have become inhibited from proliferating when exposed to androgens (7) . In fact, a small number of case reports indicate that subjective and objective remission responses occurred in men with advanced prostatic carcinoma who were treated with testosterone propionate (15) (16) (17) (18) . Hence, it would be desirable to understand the mechanism by which androgens inhibit cell proliferation and to identify markers of this phenotype to guide hormone therapy in prostate cancer patients.
The AS3 gene was identified as a putative candidate because of the androgen-induced expression pattern of the AS3 transcript in shutoff-positive MCF7-AR1 cells, in the LNCaP shutoff-positive variants, and in the rat prostate (9) . We show here that the AS3 protein is also expressed in cells undergoing proliferative shutoff after androgen treatment. AS3 was not expressed in shutoff-negative variants (9) . The AS3 gene is located on chromosome 13q12.3, in close proximity to the BRCA2 gene (19) . Microsatellite marker data indicate that the loss of the genomic region coding for AS3 (with or without the loss of BRCA2) correlates with various human cancers (19) (20) (21) (22) (23) , including prostate.
Sequence analysis data show that AS3 belongs to a novel gene family. It is related to fungal proteins involved in proliferation arrest, like the Aspergillus bimD protein (24) , and in chromosome packaging, like the Sodaria Spo76p protein (25) . AS3-related human sequences such as KIAA0648 (26) and KIAA0979 (27) were also found in brain cDNA libraries.
In the present study, a retroviral transduction tet-regulated model was developed to test the role of AS3. Antisense AS3-transformed A4 cells behaved as their parental cells in the presence of tet and expressed antisense AS3 in the absence of tet. The expression of antisense AS3 significantly decreased androgen-induced expression of endogenous AS3 mRNA and blocked the expression of androgen-induced G o ͞G 1 arrest. In contrast, when A4 cells were grown in the presence of tet, a condition that suppresses the expression of antisense AS3, androgen treatment resulted in proliferation arrest, and BrdUrd incorporation was low. Expression of the empty vector did not interfere with the effect of androgen (Fig. 3 and Table 1 ).
Tet-regulated retroviral sense AS3 expression experiments revealed that AS3 induced the shutoff effect in the absence of androgens. Tet withdrawal increased the expression of AS3 mRNA from the retroviral construct. Expression of sense AS3 resulted in induction of proliferative shutoff in conditions that otherwise supported maximal cell proliferation. These data strongly suggest that AS3 mediates androgen-induced proliferative shutoff.
Kokontis et al. have shown that R1881 persistently increased the cyclin-dependent-kinase inhibitor p27 kip1 level in shutoff-positive LNCaP 104-R2 cells (28) . Transfection of these cells with p27 kip1 resulted in cell cycle arrest in G o ͞G 1 . Androgens did not increase the p27 kip1 mRNA level. This finding suggests that p27 kip1 levels are regulated by androgens at the posttranscriptional level.
Sequence analysis revealed that AS3 has putative transactivating features, protein-protein interaction motifs (coiled-coil and a leucine zipper), and DNA-binding domains (19) . This suggests that AS3 is a transcription factor. AS3 also has a protein-kinase motif (19) ; this suggests that it may act by phosphorylating a target protein, which in turn will be either activated or inactivated.
To integrate the evidence presented in this paper on the role of AS3 as inducer of the shutoff effect with the findings by Kokontis et al., we propose two hypotheses. The first posits that androgens induce expression of AS3, which acts as a transcription factor. AS3 would then bind to the promoter region of a gene(s) and control its expression. This gene may, in turn, interact with the cell cycle machinery to induce arrest in G o ͞G 1 . The second hypothesis posits that the AS3 protein interacts directly with the cell cycle machinery. Two types of interactions are predicted by the AS3 sequence, namely direct binding to a protein and͞or activation of target proteins by phosphorylation.
In summary, we have identified a gene, AS3, which is upregulated during androgen-induced proliferative shutoff and induces cell proliferation arrest when expressed in a retrovirus transduced model. The data collected argue that AS3 is one of a few gene products that inhibit the proliferation of prostate cells under androgen control. It is expected that testing the hypotheses outlined above may provide a better understanding of the mechanisms underlying the control of cell proliferation in normalcy and cancer.
